Abstract: In the current work, new 1,3,4-thiadiazole derivatives were synthesized and investigated for their antinociceptive effects on nociceptive pathways of nervous system. The effects of these compounds against mechanical, thermal and chemical stimuli were evaluated by tail-clip, hot-plate and acetic acid-induced writhing tests, respectively. In addition, activity cage was performed to assess the locomotor activity of animals. The obtained data indicated that compounds 3b, 3c, 3d, 3e, 3g and 3h increased the reaction times of mice both in the hot-plate and tail-clip tests, indicating the centrally mediated antinociceptive activity of these compounds. Additionally, the number of writhing behavior was significantly decreased by the administration of compounds 3a, 3c, 3e and 3f, which pointed out the peripherally mediated antinociceptive activity induced by these four compounds. According to the activity cage tests, compounds 3a, 3c and 3f significantly decreased both horizontal and vertical locomotor activity of mice. Antinociceptive behavior of these three compounds may be non-specific and caused by possible sedative effect or motor impairments.
Introduction
Pain, an unpleasant sensation ranging in intensity from slight through severe to indescribable, is the most common symptomatic reason to seek medical consultation. Despite the large number of currently available analgesic agents, the design of analgesic molecules for the management of pain is still the subject of ongoing research [1] [2] [3] .
Analgesics are mainly divided into two groups: opioid analgesics and nonsteroidal anti-inflammatory drugs (NSAIDs). The fear of addiction, and tolerance related to morphine and related drugs, has resulted in the restriction and withdrawal of these drugs [1] [2] [3] [4] [5] [6] . NSAIDs, which act primarily by inhibiting cyclooxygenase (COX) enzymes, are frequently prescribed drug groups to manage inflammatory pain. The long-term use of NSAIDs may lead to severe gastrointestinal side effects limiting their use. The adverse effects accompanying the use of nonselective NSAIDs arise from the reduction of the levels of protective prostaglandins in the gastrointestinal (GI) tract due to the inhibition of COX-1. Although selective COX-2 inhibitors cause less GI adverse effects than nonselective NSAIDs, their use in the treatment is also limited due to their serious cardiovascular side effects. Therefore, current research efforts are mainly directed towards the discovery of new potent analgesic drugs with fewer side effects [1] [2] [3] [4] [5] [6] .
Thiadiazole has attracted a great deal of interest as a privileged scaffold due to its significant therapeutic potential for central nervous system (CNS) disorders. 1,3,4-Thiadiazole derivatives have been reported to exhibit a wide range of pharmacological effects including analgesic, antidepressant, anxiolytic, and anticonvulsant activities [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The sulfur atom of thiadiazole ring imparts improved liposolubility, important for the drugs active at CNS level. The mesoionic nature of 1,3,4-thiadiazoles allows these compounds to cross cellular membranes and interact with biological targets with distinct affinities [7] [8] [9] [10] .
Prompted by the aforementioned findings and in continuation of our ongoing research on 1,3,4-thiadiazoles related to their antinociceptive activity [21] , herein we reported the synthesis of a new series of 1,3,4-thiadiazole derivatives and focused on their antinociceptive effects.
Results

Chemistry
The synthesis of compounds 3a-h followed the general pathway outlined in Figure 1 . Initially, 4-(4-nitrophenyl)thiosemicarbazide (1) was obtained by the reaction of 4-nitrophenyl isothiocyanate with hydrazine hydrate. 5-(4-Nitrophenyl)amino-1,3,4-thiadiazole-2(3H)-thione (2) was synthesized via the ring closure reaction of 4-(4-nitrophenyl)thiosemicarbazide (1) with carbon disulphide in the presence of potassium hydroxide. Finally, the reaction of compound 2 with N-(alkyl/aryl)-2-chloroacetamide/4-(chloroacetyl)morpholine afforded new thiadiazole derivatives (3a-h). The yields and melting points (M.p.) of the compounds were given in Table 1 . The structures of compounds 3a-h were confirmed by IR, 1 H-NMR, 13 C-NMR, mass spectral data, and elemental analysis. 
Pharmacology
As displayed in Figure 2 , in tail-clip tests, reference drug morphine and compounds 3b, 3c, 3d, 3e, 3g and 3h caused prolongation in the response latencies of mice and induced a significant increase 
As displayed in Figure 2 , in tail-clip tests, reference drug morphine and compounds 3b, 3c, 3d, 3e, 3g and 3h caused prolongation in the response latencies of mice and induced a significant increase in the maximum possible effect % (MPE %) values, with respect to the control values (F (9, 60) = 9.28; p < 0.001). As shown in Figure 3 , in hot-plate tests, reference drug morphine and compounds 3b, 3c, 3d, 3e, 3g and 3h caused elongation in the response latencies of mice and induced a significant increase in the MPE% values, when compared to the control values (F (9, 60) = 6.58; p < 0.001). In the acetic acid-induced writhing test, reference drug morphine and compounds 3a, 3c, 3e and 3f significantly reduced acetic acid-induced writhing responses of mice, with respect to the control values (F (9, 59) = 8.98; p < 0.001) (Figure 4 ). As shown in Figure 3 , in hot-plate tests, reference drug morphine and compounds 3b, 3c, 3d, 3e, 3g and 3h caused elongation in the response latencies of mice and induced a significant increase in the MPE % values, when compared to the control values (F (9, 60) = 6.58; p < 0.001). As shown in Figure 3 , in hot-plate tests, reference drug morphine and compounds 3b, 3c, 3d, 3e, 3g and 3h caused elongation in the response latencies of mice and induced a significant increase in the MPE% values, when compared to the control values (F (9, 60) = 6.58; p < 0.001). In the acetic acid-induced writhing test, reference drug morphine and compounds 3a, 3c, 3e and 3f significantly reduced acetic acid-induced writhing responses of mice, with respect to the control values (F (9, 59) = 8.98; p < 0.001) ( Figure 4 ). In the acetic acid-induced writhing test, reference drug morphine and compounds 3a, 3c, 3e and 3f significantly reduced acetic acid-induced writhing responses of mice, with respect to the control values (F (9, 59) = 8.98; p < 0.001) ( Figure 4 ). As shown in Figure 3 , in hot-plate tests, reference drug morphine and compounds 3b, 3c, 3d, 3e, 3g and 3h caused elongation in the response latencies of mice and induced a significant increase in the MPE% values, when compared to the control values (F (9, 60) = 6.58; p < 0.001). In the acetic acid-induced writhing test, reference drug morphine and compounds 3a, 3c, 3e and 3f significantly reduced acetic acid-induced writhing responses of mice, with respect to the control values (F (9, 59) = 8.98; p < 0.001) (Figure 4 ). Following the administrations, compounds 3a, 3c and 3f significantly decreased both horizontal (F (8, 54) = 6.48; p < 0.001) and vertical (F (8, 54) = 9.07; p < 0.001) locomotor activities of mice, in the activity cage measurements ( Figure 5 ).
Following the administrations, compounds 3a, 3c and 3f significantly decreased both horizontal (F (8, 54) = 6.48; p < 0.001) and vertical (F (8, 54) = 9.07; p < 0.001) locomotor activities of mice, in the activity cage measurements ( Figure 5 ). 
Discussion
In the present study, compounds 3a-h were investigated for their probable antinociceptive effects on nociceptive pathways of nervous system. The effects of these compounds on mechanical, thermal and chemical stimuli were evaluated by tail-clip, hot-plate and acetic acid-induced writhing tests, respectively. In addition, an activity cage test was performed to assess the locomotor activity of animals.
A tail-clip test is a frequently preferred method for basic pain studies. The basis of this method is measuring the reaction time of rodents that feel constant mechanical pressure on their tails. In this study, the findings obtained from the tail-clip tests exhibited significant increases in the reaction time of mice following the administrations of compounds 3b, 3c, 3d, 3e, 3g and 3h (Figure 2) . The results indicated the antinociceptive effects of these compounds on nociceptive pathways carrying noxious mechanical stimuli. These findings also suggest the possible localization of the antinociceptive activity in the medulla spinalis, since tail-clip tests mainly measure spinal reflexes [22, 23] . Alterations in synaptic transmission of nociceptive input to the dorsal horn, modification in nociceptive processing in the spinal cord, or changes in spinal sensitization may be some of the possible mechanisms underlying the spinally mediated antinociceptive effects of compounds 3b, 3c, 3d, 3e, 3g and 3h.
A hot-plate test was performed in order to evaluate antinociceptive potential of the compounds against thermal noxious stimuli. In this test, thermal pain reflexes due to footpad contact with a hot surface were assessed. Licking is a rapid reaction to noxious thermal stimuli that is an indicator of nociceptive threshold, whereas jumping describes a more complex reaction, with a latency, and includes an emotional part of avoidance [24] . In the present study, the results of the hot-plate tests showed that the administration of compounds 3b, 3c, 3d, 3e, 3g and 3h significantly increased the reaction latencies of animals in response to constant exposure to heat (Figure 3) , which indicated that the tested compounds acted on thermal nociceptive pathways. Antinociceptive effects observed in the hot-plate test seem to be related to supraspinal mechanisms, since this test predominantly measures supraspinally organized responses [22, 23] . Modified transmission in the projections of nociceptive spinal cord neurons ascending to supraspinal sites, changes in supra-spinal sensitization, or alterations in the descending inhibitory mechanisms may be some of the possible mechanisms underlying the supraspinally mediated antinociceptive activities observed in this study.
The antinociceptive effects of the compounds on chemical noxious stimuli were examined by acetic acid-induced writhing test. In this inflammatory/irritative pain model, i.p. administration of acetic acid causes a reaction characterized by contraction of the abdominal muscles with simultaneous extension of the hind limbs and elongation of the body. Acetic acid is known to cause the release of several mediators (neurotransmitters/neuromodulators, kinins, histamine, acetylcholine, substance P, and prostaglandins, etc.), reducing the threshold of the nociception and stimulating the nociceptive Figure 5 . Effects of test compounds (100 mg/kg) on number of (a) horizontal and (b) vertical activity of mice in the activity cage test. Significance against control group * p < 0.05, ** p < 0.01. Values are given as mean˘SEM. One-way ANOVA post-hoc Tukey's test, n = 7.
The antinociceptive effects of the compounds on chemical noxious stimuli were examined by acetic acid-induced writhing test. In this inflammatory/irritative pain model, i.p. administration of acetic acid causes a reaction characterized by contraction of the abdominal muscles with simultaneous extension of the hind limbs and elongation of the body. Acetic acid is known to cause the release of several mediators (neurotransmitters/neuromodulators, kinins, histamine, acetylcholine, substance P, and prostaglandins, etc.), reducing the threshold of the nociception and stimulating the nociceptive neurons [24, 25] . In this study, the data obtained from the acetic acid-induced writhing test showed that compounds 3a, 3c, 3e and 3f significantly reduced acetic acid-induced writhing responses of mice (Figure 4) . The reduction in the number of writhes after the administration of these compounds suggests that the mechanism of compounds 3a, 3c, 3e and 3f may be related with a decrease in the release of inflammatory mediators in peripheral tissues or by direct blockage of its receptors, which results in antinociceptive activity. Furthermore, this activity could be produced by enhancement of the nociceptive threshold or by interruption of the transmission of the pain stimulus to the nerve fibre [25] .
In the activity cage test, notable decreases were observed in the horizontal and vertical locomotor activities of mice following the administration of compounds 3a, 3c and 3f ( Figure 5 ). These findings indicated that the antinociceptive behavior of these three compounds might be caused by possible sedative effect or motor impairments. In other words, antinociceptive effects induced by compounds 3a, 3c and 3f may not be specific.
Absence of deaths or unwanted adverse effects such as paralysis, ataxia, convulsions, and diarrhea pointed out the negligible toxicity of the tested compounds [24] . Nevertheless, the probable side effects of these compounds should be clarified with further detailed studies.
Materials and Methods
Chemistry
All reagents were purchased from commercial suppliers and were used without further purification. Melting points (M.p.) were determined on an Electrothermal 9100 melting point apparatus (Weiss-Gallenkamp, Loughborough, UK) and are uncorrected. IR spectra were recorded on an IRPrestige-21 Fourier Transform Infrared spectrophotometer (Shimadzu, Tokyo, Japan). 1 H-NMR and 13 C-NMR spectra were recorded on a Varian Mercury-400 FT-NMR spectrometer (Agilent, Palo Alto, CA, USA). Chemical shifts were expressed in parts per million (ppm) and tetramethylsilane was used as an internal standard. Mass spectra were recorded on an Agilent LC-MSD-Trap-SL Mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). Elemental analyses were performed on a Perkin Elmer EAL 240 elemental analyzer (Perkin-Elmer, Norwalk, CT, USA).
General Procedure for the Synthesis of the Compounds 4-(4-Nitrophenyl)thiosemicarbazide (1) 4-(4-Nitrophenyl)thiosemicarbazide (1) was synthesized via the reaction of 4-nitrophenyl isothiocyanate (0.1 mol) with hydrazine hydrate (0.2 mol) as previously reported [26] . 
5-(4-
Nitrophenyl
Pharmacology
Animals
Adult BALB/c mice (30-35 g ) were used for all tests. Animals were maintained under a 12 h light/dark cycle in a temperature (24˘1˝C) and humidity controlled room. To warrant adaptation to the new environment, mice were housed in the laboratory at least 48 h before the experimental session. Food was withdrawn 12 h before experiments in order to avoid food interference with substance absorption, though water was allowed ad libitum. The Local Ethical Committee on Animal Experimentation of Anadolu University, Eskişehir, Turkey has approved the experimental protocols.
Administration of the Compounds
Mice assigned randomly to following experimental groups: control group (sunflower oil), reference drug (morphine sulfate, Sigma-Aldrich, St. Louis, MO, USA, 10 mg/kg, i.p) group and test compounds (100 mg/kg, i.p) groups. Each group consists of seven animals. Injections were administrated (i.p) 0.5 h before the tests.
Assessment of Pain Behavior Mechanical Nociceptive Test
The mechanical antinociceptive activities of the test compounds were evaluated by the tail-clip test in mice. A metal artery clamp was applied to the tail of mouse and the time spent before biting the clamp (response latency) was recorded by a stopwatch [28] . Elongation of response latency is considered as an antinociception parameter. A sensitivity test was carried out before the experimental session and animals that did not respond to the clamp within 10 s were discarded from the experiments. Maximum latency time (cut-off time) for the tail-clip tests was chosen as 10 s to avoid possible tissue damage [25] .
Thermal Nociceptive Test
The thermal antinociceptive activities of the test compounds were evaluated by the hot-plate test in mice. Mice were placed on a hot-plate analgesiameter (Ugo Basile, Italy, No. 7280), which was set at 55˘1.0˝C and response latencies (time of licking the forepaws or eventually jumping) were recorded. Elongation of "response latency" is considered as an antinociception parameter. A sensitivity test was carried out before the experimental sessions and only the animals reacting within 15 s were selected for the tests. Maximum cut-off time was chosen as 30 s to prevent tissue damage [25] .
Antinociceptive effect was calculated by converting the tail-clip and hot-plate latencies to percentage of the maximum possible effect (MPE %), according to the following equation [24] :
MPE % " rppost´drug latency´pre´drug latencyq{pcut´off time´pre´drug latencyqsˆ10 (1) Chemical Nociceptive Test
The chemical antinociceptive activities of the test compounds were evaluated by the acetic-acid induced writhing test in mice [29] . Thirty minutes after the administrations, mice were treated with an aqueous solution of acetic acid (Merck, Rio de Janeiro, Brazil) (0.6% v/v, i.p) at a dose of 10 mL/kg to induce contractions. After 5 min, the number of abdominal constrictions and stretches during the following 10 min was recorded. Significant reduction in the number of writhes was considered as an antinociception parameter [30] .
Assessment of Spontaneous Locomotor Activity Activity Cage Test
The spontaneous locomotor activities of mice were monitored by the activity cage apparatus (Ugo Basile, No.7420, Varese, Italy) containing two pairs of 16 photocells, 3 cm and 12 cm above the floor under a transparent cover. Interruptions of light beams to the photocells during vertical and horizontal movements of the animals were automatically recorded for 4 min [31] .
Statistical Analyses
Statistical evaluation was performed using GraphPad Prism (version 6.01 software; GraphPad, Inc., San Diego, CA, USA). The data used in statistical analyses were acquired from 7 animals for each group. Data obtained from the pharmacological tests were analyzed by a one-way ANOVA followed by a post hoc Tukey's test. The results were expressed as mean˘standard error of mean (S.E.M). Differences between data sets were considered as significant when p-value was less than 0.05.
Conclusions
In the present paper, we described the synthesis of new 1,3,4-thiadiazole derivatives, which were evaluated for their antinociceptive activities.
Among the tested compounds, (1,3-benzodioxol-5-ylmethyl)amino substituted compound 3e was the only compound that showed its specific antinociceptive activity by manipulating both central and peripheral nociceptive mechanisms. In addition, compounds 3b, 3d, 3g and 3h were shown to inhibit the transmission of nociceptive stimuli by affecting central nociceptive mechanisms without any interaction with peripheral pathways. These findings supported the previous papers reporting the centrally and/or peripherally mediated antinociceptive effects of 1,3,4-thiadiazole derivatives [11] [12] [13] [14] 21] .
Since pain is a process concerning numerous neuronal signaling and modulatory pathways [32, 33] , various mechanisms (such as opioidergic, tachykininergic, cholecystokinergic, cannabinoidergic, cholinergic, monoaminergic, nitrergic systems or ion channels such as Ca, Na etc.) [34] [35] [36] [37] might contribute to the antinociceptive effects of these compounds. Therefore, future studies are needed to clarify underlying mechanisms of the compounds.
